Abstract-The outline design of a fully superconducting motor for liquid hydrogen pump with a magnesium-diboride (MgB 2 ) superconducting wire is carried out to present various advantages arising from its prospective performances. The squirrel-cage rotor winding composed of superconducting loops with the MgB 2 wire enables us to operate the motor not only in a slip mode but also in a synchronous rotation mode, and consequently the rotor winding loss can be suppressed drastically. Furthermore, it would be expected that the stator winding loss becomes smaller by using the MgB 2 wire compared with familiar normal metals as typified by a copper. The time evolution of magnetic field distribution around the stator winding is obtained by means of a finite element analysis in order to estimate the AC loss and the primary circuit resistance.
I. INTRODUCTION

P
OSSIBILITIES of the future society with hydrogen utilization have been discussed as one of the advanced technologies for improvement of energy and environmental problems in recent decades [1] . In order to obtain effective energies by oxidizing the hydrogen with a fuel cell etc., it is necessary to produce, transport, store, and transfer the hydrogen safely and stably. In such situations, it can also be essential to use the hydrogen as a liquefied gas as well as a compressed gas. This is because the mass density of the compressed gaseous hydrogen is smaller than that for the hydrogen in the liquid phase as shown in Table I [2] , and therefore the storage with the liquid hydrogen seems to be more compact and efficient. On the other hand, the slush hydrogen, a mixture of solid and liquid hydrogen, offers advantages of higher density (16%) and higher heat capacity (18%) than the liquid hydrogen [3] .
The magnesium diboride MgB that is a new metallic superconductor discovered in the beginning of the 21st century has the transition temperature of 39 K [4] , this material can keep a superconducting state with zero resistivity in the liquid hydrogen temperature. Since the critical current density at 20 K in the present wires composed of the MgB superconductor decreases markedly for applying an external magnetic field of a few teslas [5] , however, this superconductor is likely to be [2] suitable to low-field applications so far. This means that the low-field applications are one of the key factors if the liquid hydrogen is used as a coolant of the MgB wires. Hence, it is very promising that level sensors for the liquid hydrogen with the MgB wires [6] - [9] become available in the near future.
In this paper, a superconducting induction/synchronous motor [10] - [15] for circulation or transfer of the liquid and/or slush hydrogen is presented as one of the low-field applications of the MgB wires. This motor enables us to drive a pump to circulate or transfer the liquid/slush hydrogen with very low power consumption, and would form one of the infrastructure components in the near-future society with hydrogen utilization.
II. PROPOSAL OF SUPERCONDUCTING MOTOR FOR LIQUID HYDROGEN PUMP
When the liquid hydrogen is transported with a pipeline or transferred at a hydrogen supply station in the near future, it is necessary to suppress the amount of heat generation during fluid transmission below an allowable level for the purpose that the liquid hydrogen as a high value-added fuel is vaporized as little as possible. The development of an electric pump for the liquid hydrogen with easy handling, compact size, and high performance has been desired, but such a liquid hydrogen pump has not been realized yet [16] - [19] . Up to now, a small liquid hydrogen transfer pump toward use at the hydrogen supply station has been designed, fabricated, and tested in the research and development projects of "the World Energy Network (WE-NET)" and the subsequent "Development for Safe Utilization and Infrastructure of Hydrogen" in Japan [20] . Although a squirrel-cage induction motor fabricated for driving the pump has been composed of rotor bars with aluminum, stator windings with copper wire, and iron cores with permalloy, the rotation test in the liquid hydrogen has resulted in the input power to the motor in a rated rotating speed twice as large as the design specification. This means that the excessive load equal nearly to the pump power has been consumed somewhere.
Although the simple structure of the squirrel-cage induction motor provides cheap price and easy maintenance, the power consumption in the rotor winding becomes one of the major components of losses due to a slip phenomenon, which leads to a speed slower than a rotating magnetic field generated by the outer stator winding, indispensable to the torque output in principle. Therefore, the motors for the liquid hydrogen pump with superconducting wires can be expected to drastically reduce the power dissipation in the windings. So far, it has been confirmed experimentally [10] , [12] that a synchronous rotating operation without slip in the squirrel-cage induction motor can be realized by replacing the rotor winding with high-temperature superconducting wires as shown in Fig. 1(a) . Additionally, a superconducting stator winding as shown in Fig. 1(b) enables us to decrease the power consumption further as total system of the pump. Since both the windings for the rotor and stator in the motor are usually located in slots shaped into iron cores as shown in Fig. 1 and the magnetic flux due to the transport currents mostly passes through the iron cores, the superconducting wires are scarcely exposed to an external magnetic field and the self field becomes dominant. This means that the proposed superconducting motor for the liquid hydrogen pump is promising as one of the applications suitable to the present MgB wires because the liquid hydrogen to be transferred itself acts as a coolant and the magnetic field applied to the windings are very small. Moreover, such a motor is immersed in the cryogenic liquid and the windings are cooled by it directly, so that it becomes unnecessary to consider a penalty factor of refrigeration [21] , which has restricted the large-scale applications of superconductivity especially for AC use in comparison to the conventional techniques with the normal metal operated at room temperature. The power factor in the proposed induction/synchronous motor also becomes better than that for the conventional induction motor because the primary exciting current to compensate the interlinkage magnetic flux into the secondary winding is scarcely required in the synchronous rotation mode.
The further advantages including the above-mentioned benefits in the proposed induction/synchronous motor for the liquid hydrogen pump are summarized as follows [12] - [15] : 1) Coexistence of slip and synchronous modes.
2) Low loss and high efficiency.
3) Large torque output. 4) Compact size and light weight. 5) Robust control for overload. 6) Self-field application of superconducting wires. 7) Freedom from penalty factor of refrigeration. 
III. OUTLINE DESIGN OF ROTOR WINDING
On the basis of the temperature dependence of transport properties observed in a MgB wire with iron sheath [22] , the outline design for an induction/synchronous motor with superconducting rotor winding is carried out in this section. It is assumed that the mono-cored MgB wire with the outer diameter of 1.0 mm has a superconductor filament of 0.5 mm in diameter and a critical current of 150 A at the temperature of 20 K, as shown in Table II . The rotor bars consist of three strands of the MgB wire, so that their critical current becomes 450 A. Since the primary winding resistance, iron core loss, and mechanical loss at the liquid hydrogen temperature have not been estimated quantitatively and thus the optimum sharing between the electric and magnetic loadings required for motor design seems to be quite difficult, the operation properties of the induction/synchronous motor with the MgB wire are predicted by referring to an commercially produced induction motor with the phase number of three, the pole number of four, and the rated output power of 1.5 kW as shown in Table III . Table IV shows an example of the outline design of induction/synchronous motor with the MgB wire. Based on the equivalent circuit analysis for the superconducting induction/synchronous motor [12] - [15] , the maximum synchronous torque is theoretically expressed by (1) where is the primary converted critical current of rotor bars estimated here as 16.9 A, and represents the primary converted trapped magnetic flux given by (2) is the angular frequency for the frequency of the input voltage , the primary converted total leakage inductance, and the primary resistance. Furthermore, the output power at the synchronous rotating speed also becomes (3) It is assumed that the total leakage inductance at the liquid hydrogen temperature is equal to that for the room temperature [13] - [15] . On the other hand, the primary winding resistance is obtained under the assumption that the residual resistance ratio (RRR), which is defined here by the ratio of the resistance at an operating temperature of the conventional motor to the resistance at 20 K, is a hundred for the copper. The skin effect for cyclic field due to very low resistivity of the normal metal at cryogenic temperature is not taken into account. In this case, the maximum synchronous torque is estimated as 26.2 Nm, and the output power becomes 4.94 kW. These results indicate that the superconducting rotor winding enables us not only to achieve the synchronous rotation without slip but also to improve the maximum torque and the output power more than three times larger than those for the conventional motor. The latter means that the superconducting machine becomes more compact for the requirement of output power or torque generation in given system.
IV. AC LOSS EVALUATION OF STATOR WINDING
In order to confirm the possibility of the further loss reduction by using superconducting wires for the stator winding in the motor, the numerical calculation is carried out on the basis of the conventional induction motor as shown in Table III again. The assumed MgB wire is also identical with the previous section as already listed in Table II , except for electrical insulation on its surface. In this case, the required magnetomotive force is 234 A in peak value, so that it is assumed that the stator winding has three turns of the wire. This means that the rated primary current becomes 78 A in peak. Fig. 2 shows the cross-sectional view of the stator winding configuration in the conventional motor under consideration. The symbols, a, b, and c, represent the phase a, b, and c, respectively, and the sign means the direction of their current flow. Since one of the core slots has a couple of windings for different two phases, the net current given by the sum of their currents becomes equal to the other current in the opposite direction from the general relationship, (4) for the three-phase alternating currents, , , and , with phase difference of 120 degrees one another. The similar configuration for a superconducting stator is considered here for the numerical analysis.
If the magnetic permeability of iron core is infinite, the magnetic field strength inside the core becomes equal to zero and the magnetic flux lines just outside the core facing with the vacuum, which is magnetically equivalent to a region filled with the air or the cryogenic liquid, can be regarded as normal to the core surface. Moreover, it is enough to focus on only an isolated core slot for electromagnetic field analysis under the assumption that the entire magnetic flux due to the currents in the other windings passes through the core teeth and hence there is no flux in the core slot from the others. An example of the numerical model for core slot simplified to estimate the AC loss in the stator winding is shown in Fig. 3 , where only a half part is taken into account because of its symmetric configuration. In this case, the governing equation formulated with a magnetic field due to a current induced in the analysis region excluding the iron core is expressed by [23] ( 5) where is the resistivity. The boundary condition on the closed path C surrounding the entire analysis region is given by (6) where is the turn number of winding, the gap length between the iron cores for stator and rotor, the magnetic field in the gap, and it is considered that the tangential components of 
Equation (5) is discretized with the Galerkin and backward difference methods for two-dimensional space and time, respectively. It is assumed that the voltage-current characteristics of the superconductor can be represented by Bean's critical state model [25] , and therefore the equivalent resistivity is formulated as follows [23] :
where is the local current density given by , the critical current density of the superconductor, and the flux-flow resistivity. In this case, the simultaneous equations become nonlinear, so that they are solved iteratively at each time step with the Newton-Raphson method [23] , [24] . By using the obtained distribution of magnetic field, the AC loss power per unit length is numerically estimated with [23] (9)
where S is the entire regions occupied by the superconductor.
An example of the numerical results of AC losses is given in Table V . The flux-flow resistivity is set at m [23] . The AC loss per phase is estimated as 0.45 W, and this corresponds to the primary resistance of 0.15 m , which is much smaller than that for the copper wire in the cryogenic atmosphere, even if the RRR of the copper is a thousand.
V. CONCLUSION
The superconducting motors with the MgB wires for circulation or transfer of the liquid/slush hydrogen were proposed and discussed in this study. The induction/synchronous motor composed of the MgB rotor winding enabled us to suppress the operation loss in the cryogenic environment due to the synchronous rotation mode and furthermore to increase the synchronous torque and output power more than three times larger than the rated torque and output power for the conventional induction motor. The use of MgB stator winding also contributed to decrease the primary power consumption by about two orders of magnitude smaller than that for the copper winding cooled down to liquid hydrogen temperature. These prospective properties will be validated experimentally for fabricated MgB induction/synchronous motors immersed in the liquid helium and surely in the liquid hydrogen in the near future.
